The Food and Drug Administration (FDA) and the European Medicines Agency (EMA) have robust scientific and technical collaborations. As a window to the impact of these activities we compared the agencies' decisions on drug marketing applications. Decisions were compared for 107 new drug applications with a regulatory outcome at both agencies in the period 2014-2016. Further analysis addressed individual applications for which the agencies had differing outcomes in terms of marketing approval, type of approval, and approved indication, including reasons underlying differences. The EMA and the FDA had high concordance (91-98%) in decisions on marketing approvals. Divergence in approval decisions, type of approval, and approved indication were primarily due to differences in agencies' conclusions about efficacy based on review of the same data or differing clinical data submitted to support the application. This high rate of concordance suggests that engagement and collaboration on regulatory science has a positive impact.
Globalization of drug development has increased the need for harmonization and collaboration among drug regulatory authorities. 1 As such, activities and decisions of the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) are often compared, particularly regarding the time it takes to review marketing applications. [2] [3] [4] However, understanding differences in regulators' expectations for drug development and standards for assessment of efficacy and safety is critical to facilitating more global alignment while allowing for unique considerations of regional needs. Examination and comparison of decisions on applications may provide an understanding of how agencies consider and apply regulatory science. [5] [6] [7] To date, only a few comparisons of this type for the FDA and the EMA have been conducted, mostly qualitative and in specific therapeutic areas.
The FDA and the EMA are committed to further global alignment of sound regulatory standards in drug development, which ultimately link to assessment of marketing applications. Both participate in and have adopted guidelines of the International
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?  There have been previous comparisons of regulatory approvals by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA), but they have been limited. This is the most comprehensive study to date. WHAT QUESTION DID THIS STUDY ADDRESS?  This examination of a 3-year cohort of marketing applications reviewed by both the EMA and the FDA compared the agencies' approval/licensing decisions, types of approval, and approved indications, as well as the underlying reasons for different decision reached.
WHAT DOES THIS STUDY ADD TO OUR KNOW-LEDGE?  The focus on reasons for differences in decisions is a feature not previously addressed and provides more insight into factors underlying how the agencies approach decisions. HOW MIGHT THIS CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE?  The high concordance of FDA and EMA decisions suggests ongoing efforts to collaborate on regulatory science may be contributing to more global harmonization in the field, including clinical pharmacology and translational science as applied to drug development.
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH, http://www.ich.org/ home.html), an organization whose aim is to facilitate harmonization across national and regional regulatory agencies to ensure safe, effective, and high-quality drug products. 8 Over the past decade, under the auspices of their confidentiality agreements, both agencies have established forums for information sharing and collaboration around many aspects of medicinal drug product development and regulation through standing working groups. These "clusters" bring together technical experts to share information on topics such as plans for manufacturing or clinical site inspections, pediatric drug development, oncology products, pharmacogenomics, biostatistics, rare diseases, and vaccines (http://www.ema.europa.eu/ ema/index.jsp?curl=pages/partners_and_networks/general/gen-eral_content_000655.jsp&mxml:id=WC0b01ac0580953d9). 9 The discussions on basics in regulatory science are a bedrock to facilitating alignment on high impact standards and approaches, even though specific development and decisions about marketing authorization for individual products must be made by the FDA and the EMA within their own legal and regulatory frameworks.
Our objective was to compare EMA and FDA decisions on new drug marketing applications over three calendar years (2014-2016) as a window to the impact of the agencies' activities in technical collaboration. We next examined applications for which the two agencies had differing outcomes in terms of approval and indication, assessing the scientific and regulatory reasons underlying these differences.
RESULTS

Cohort characteristics
There were 126 and 125 new drug marketing applications for a new active substance, a new chemical entity (NCE), or a therapeutic biologic product submitted to the FDA and the EMA, respectively, and which had an outcome in the period 2014-2016. Of these, 74 applications were identified as having an initial outcome by both agencies during the study period. Also, 33 applications had been submitted to both agencies, with one agency's initial outcome in the study period and the other's outside of the period. In total, the cohort included 107 marketing applications.
The majority (71%) of the drugs in the cohort were for NCEs, while 29% were therapeutic biologics. Therapeutic areas of the applications were led by oncology (25%), as shown in Table 1 .
Comparison of initial outcomes
Overall, 84% of the applications in the cohort were approved on their first submission ("initially approved") by both the EMA and the FDA, with the EMA having a higher rate of "first review cycle" approval (92%) compared with the FDA (85%).
Initial concordant and discordant regulatory outcomes
FDA and EMA decisions on whether to approve a product for marketing upon first submission and review were concordant (both agencies had the same regulatory outcome) for 92% (98/107) of the applications and discordant for 8% (9/107) ( Table 2) . Both agencies approved 84% (90/107) of the applications and both had initial negative outcomes (nonapproval or withdrawal) for 4% (4/107). There were four applications that were not approved by the FDA but withdrawn by the applicant prior to the regulatory decision by the EMA. In all four cases, at the time of the withdrawal from the EMA, the applicant was aware that the Committee for Medicinal Products for Human Use (CHMP) had concerns and was of the provisional opinion that the products were not approvable. Table 3 lists the nine drugs for which initial application decisions were discordant.
Resubmissions and reexaminations
As shown in Table 2 , 15 applications in the cohort were initially not approved by one or both agencies: 1 application was not approved by the EMA only, 12 by the FDA only, and 2 by both agencies. After initial assessment, 8 applications were resubmitted to the FDA and 3 were the subject of a request for reexamination of the CHMP opinion at the EMA, representing a total of 11 resubmitted or reexamined applications ( Table 4 ). There was no overlap in marketing application authorizations (MAAs) that were resubmitted or reexamined. Table 4 also shows the final regulatory outcomes for the applications that were resubmitted or reexamined. The FDA approved seven of the eight resubmitted applications, and the EMA approved two of the three reexamined applications. Overall, most applications that had a second submission were ultimately approved in both jurisdictions.
Final concordant and discordant regulatory outcomes
Further to the above resubmissions and reexaminations of applications, we compared final regulatory outcomes. If an application was not resubmitted/reexamined by an agency, the initial outcome was also considered to be the final outcome. By this accounting, the proportions of applications finally approved by the EMA and the FDA were similar (93% and 92%, respectively). Resubmission/ reexamination of initially nonapproved applications increased the concordance between the agencies to 98% (105/107) of applications ( Table 5) .
Overall, taking account of the resubmitted and reexamined applications, the EMA and the FDA had final discordant marketing authorization decisions for two drugs: corifollitropin alfa and ataluren.
Concordant approvals with differences in type of marketing authorization
For the 98 applications approved, the FDA and the EMA diverged in the type of marketing authorization for 15 (one agency granted standard approval, the other did not), whereas 76% (74/98) were approved by both agencies as standard approval ( Table 6) . Nineteen percent (19/98) of the approved applications received accelerated approval from the FDA, and the EMA granted conditional marketing approval to 11% (11/98). These approval mechanisms were employed by both agencies for the same products for only 9% (9/98) of approvals. The EMA also granted approval under "exceptional circumstances" for three applications. The FDA does not have a parallel approval mechanism, but it did approve these same applications as standard approvals.
The therapeutic areas in which accelerated approval, conditional marketing authorization, or marketing authorization under exceptional circumstances were used most often were oncology and hematology. It was also noted that in these areas, the FDA more commonly granted accelerated approval (12/25 in oncology and 5/8 in hematology) than the EMA granted conditional marketing authorization or authorization under exceptional circumstances (7/25 in oncology and 2/8 in hematology).
Concordant approval decisions with notable differences in the approved indication
Among the 98 applications finally approved by both the EMA and the FDA, 79% (77/98) had the same approved indication, and 21% (21/98) had notable differences in the indication. The proportion of products for which there were differences in the approved indication was similar across therapeutic areas. 
Reasons for differing agency outcomes
Altogether, there were 34 drugs with at least one divergent regulatory outcome at the EMA and the FDA among the three types examined: 9 drugs had different initial decisions on marketing approval and, after accounting for resubmission or reexamination of certain applications, 2 drugs had a different final decision on marketing approval. For approved drugs (final approval for purposes of our study), 15 had differences in the type of marketing authorization, and 21 drugs had notable differences in the labeled indications. Eight drugs had differences in both indication and type of marketing authorization. Figure 1 provides an overview of the reasons for initial discordant outcomes in all three categories assessed. The most common reason for the nine initial discordant marketing authorization outcomes was a difference between the FDA and the EMA conclusions about efficacy (33%, 3/9 drugs). In all three cases, the agencies reviewed the same clinical efficacy data. Concerns raised included adequacy of the trial design, strength of the findings, or clinical relevance of the efficacy results. Other reasons for the initial discordant outcomes were dissimilarities in the submitted clinical data, differing conclusions about the strength of evidence to support safety, one agency raising concern about the integrity of the data in the application, or an applicant's compliance with good manufacturing practices.
As shown in Figure 1 , there were two equally common reasons for agency differences in the type of marketing approval, namely, differing conclusions about efficacy (47%, 7/15) and differences in the submitted clinical data (47%, 7/15). In most cases (5/7 applications), the agencies had dissimilar clinical data because one agency reviewed additional trials (rather than updated data from an initially submitted trial).
Regulatory authority differences explained three cases of the EMA granting approval under exceptional circumstances and the FDA granting standard approval. Unlike the FDA, the EMA can grant marketing authorization for a drug treatment for a disease encountered so rarely that comprehensive evidence cannot be reasonably expected or provided or that it would be contrary to generally accepted principles of medical ethics to collect such information.
With respect to applications with notable differences in the approved indications, the most common reason for this divergent outcome was a difference in the agencies' conclusions about the strength of evidence to support drug efficacy (52%, 11/21) based on review of the same clinical data, followed by differences in the submitted clinical data (38%, 8/21). The other reason for notable differences in approved indication was diverging conclusions about safety based on review of the same clinical data, namely, different conclusions about the acceptability of the toxicity profile of the drug and therefore how this would be considered in the indication (10%, 2/21).
Postapproval convergence in type of marketing authorization and indications
As shown in Table 6 , among the 98 applications that were approved by both the EMA and the FDA, 15% (15/98) had If an application was not resubmitted/reexamined by an agency, the initial outcome was also considered to be the final outcome. b The three applications reexamined by the EMA were either initially approved by the FDA and therefore were not resubmitted to the FDA (ixasomib) or initially rejected by the FDA and not resubmitted (ataluren and serelaxin). c The applications resubmitted to the FDA were all initially approved by the EMA, with one exception, and therefore were not reexamined by the EMA.
differences in the type of marketing authorization. At the time of our analysis, the marketing authorization for 6 of the 15 had converted to standard approval, with all but one product having the same indication: 5/19 FDA applications had converted from accelerated to standard approval, and 1/13 EMA applications had converted from conditional or exceptional marketing authorization to standard approval. In four of the six products converted to full approval, this occurred at the same time or within less than a year of the second agency's approval. Further, among the 21 products with different indications at time of initial marketing authorization, 10 had their indication changed post approval (usually in response to additional data submitted) and before our cohort cutoff date, which resulted in alignment of the indication. In 6 out of these 10 products, this alignment occurred at the same time or within less than a year of the second agency's approval.
DISCUSSION
This is the first effort by the EMA and the FDA to compare the agencies' decisions related to marketing applications and the reasons for any differences. A previous FDA evaluation of regulatory outcomes between January 2006 and October 2008 found that the EMA and the FDA had similar rates of approval (67% and 64%, respectively) and 64% of applications were approved by both agencies. 10 However, another study of new applications between 1995 and 2007 suggested that despite the similar rates of overall approval, many of the applications approved by the FDA were not approved by the EMA, and vice versa. 11 In our cohort of agency decisions from 2014 to 2016, we found high concordance (91%) in the agencies' initial decisions on marketing approval. Concordance increased to 98% following review of resubmitted or reexamined applications, even though the agencies do not discuss most applications nor specifically strive to reach the same decisions.
In this cohort EMA had a higher rate of first-cycle approval than FDA. The FDA's initial nonapproval decisions (13% FDA vs. 3% EMA) reflected a variety of factors, led by differing agency conclusions about efficacy, which is not surprising as some difference in judgement is expected from independent assessments. The effect of differences in conclusions about efficacy were more visible in types of approval (7 products) and approved indications (12 products).
Differences in clinical data submitted in support of an application was the second most common root of divergent FDA and EMA outcomes. Although our study did not focus on comparisons of time to submission of or agency approval of an application, we noted that some instances of dissimilarities in clinical data related to differential timing of submissions and availability of data. For example, for applications submitted to FDA first, it was not uncommon for data in the EMA submissions to be more mature, including trials that were ongoing at the time of submission to FDA, often because they were now completed. This also explained many cases of agency differences in type of marketing approval and approved indication.
We observed remarkable similarity in the basic scientific and data interpretation issues raised by the FDA and the EMA during reviews of the same applications. Specifically, most of the FDA's second cycle approvals (i.e., approvals after resubmission of the applications) were based on submission by the sponsor of the same additional data that EMA had received during its initial review either from the start or following request after clock-stops. We did not compare agency times from first submission to approval of the marketing applications to assess the impact of these differences in procedures.
The only therapeutic areas that stood out in terms of outcome divergence overall were oncology and hematology. In these areas, submissions to the EMA often were later than to the FDA and, as noted above, often included additional clinical trials or more mature data from the same clinical trial than were submitted to the FDA. In those instances, the EMA was more likely than the FDA to grant standard approval (whereas the FDA issued accelerated approval) or a broader indication.
In addition to constituting the majority of products in our cohort, the preponderance of outcome differences in oncology/hematology may have been influenced by factors relevant to its time frame, including increasing use of expedited development and access tools, marked by the FDA Safety and Innovation Act which, among other things, established the FDA's Breakthrough Therapy designation in 2012, several years before establishment of the EMA's Priority Medicines (PRIME) scheme in 2016. 12, 13 In assessing differences in indication, we observed themes of variation in EMA and FDA approaches. For example, among products for which supporting trials showed efficacy in patients who had failed first-line therapy, the FDA's approved indications were typically limited to the population studied (treatment failures or relapses) while the EMA's also included patients for whom first-line therapy was not appropriate. Other variations included descriptions of diagnostic criteria or pharmacogenomic characteristics (e.g., tumor subtype or hepatitis C virus genotype) to describe the recommended patient population, enough to make a notable difference in the target population. Since indications may impact clinical practice and medicines reimbursement, both of which have regional variation, there is room for further examination and discussion of the importance of some of the differences we observed.
Our findings should be considered within the limitations of the study. The cohort covered a short time period and results reflect prevalent therapeutic areas such as oncology (25% of cohort). This field has undergone an explosion of new research and factors that impact marketing authorization decisions, such as identification of new treatment subpopulations and consideration of acceptable endpoints in clinical trials in addition to the already mentioned emphasis on use of expedited development pathways. Our cohort also did not include blood products, vaccines, or regenerative medicines, a decision made simply because most previous comparisons have also excluded these, but it is an area that could be interesting for future exploration.
Some might consider it limiting that determination of reasons for agency discordance was based solely on information in EMA and FDA written reviews. We did not include other documents as primary sources of information, such as FDA or EMA Scientific Advisory Committee meeting minutes, nor did we systematically interview agency staff. Nevertheless, EMA European Public Assessment Reports and FDA reviews are official records documenting the agencies' rationale for regulatory decisions, and we found them complete and informative. Reading them revealed striking similarities in how the agencies approached the same information, including assumptions, questions, and contextual considerations. We did not evaluate whether the two agencies' experts convened to discuss development programs or applications under review. This would have been most informative if we compared concordant outcomes, a more complex exploration. We do know that such discussions during 2014-2016 were not the norm, other than perhaps for some oncology application reviews.
We did not assess divergence between the EMA and the FDA with respect to labeled contraindications or other limitations of use, risk minimization requirements, and requirements for Figure 1 Reasons for initial discordant outcomes, for differences in type of marketing approval and for notable differences in approved indications. Note: Some applications had more than one reason for the difference in outcome; therefore the number of differences is superior to the number of applications in the respective categories. 
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Type of Applications postapproval safety and efficacy studies. We concluded that such analyses would be minimally informative on such a broad scale, as the two agencies have distinctly different labeling practices and regulatory authorities in these areas. For example, whereas the EMA can require applicants to conduct postauthorization studies to further evaluate efficacy of any drug, the FDA can only require confirmatory trials for drugs under accelerated approval. Lastly, we did not systematically compare order, timing, duration of application reviews, or time to approval across the two agencies. Although in some cases differential timing of submissions clearly influenced a small number of regulatory outcomes, in those cases it mostly reflected data availability or maturity. We believe evaluation of the rationale for differences in regulatory decision making is more informative for understanding regulatory science and the impact and direction of our collaborative regulatory efforts.
METHODS
We identified all marketing applications for new active substances, NCEs, and original therapeutic biologic products submitted by the same applicant with a regulatory outcome at both agencies in the period 2014 to 2016 and those with an outcome at one agency during the study period and at the other agency outside of the study period. A regulatory outcome was defined as approval, nonapproval, or applicant withdrawal of the marketing authorization application.
We did not include applications for nontherapeutic biologics (i.e., vaccines and blood products); advanced therapy medicinal products, such as cell and gene therapies; or those for which one agency's regulatory outcome was still pending at the time of our data lock for cohort selection (January 30, 2018). Information was extracted about each marketing application and its regulatory outcome from FDA and EMA internal databases and public websites. The agencies' internal reviews and correspondences allowed for more detailed assessment of the scientific and regulatory reasons underlying differences in regulatory outcomes than were in the publicly available reviews.
General drug characteristics were summarized, namely, the therapeutic area and whether the drug was an NCE or biologic. Because of differences in EMA and FDA regulations, we did not compare application characteristics related to orphan designation, expedited development pathways (FDA breakthrough or EMA priority medicines designation), or expedited review pathways (FDA priority review and EMA accelerated assessment). 13, 14 Concordant outcomes were defined as those for which both the FDA and the EMA had the same regulatory result, namely: both agencies approved the application; both agencies did not approve the application, the application was withdrawn (by the applicant) from both agencies prior to a decision, or the application was not approved by one agency and withdrawn at the other agency. Withdrawal was considered concordant with nonapproval when an applicant withdrew its marketing application in anticipation of a nonapproval decision by that agency. Discordant outcomes were defined as those for which the FDA and the EMA had different regulatory conclusions: one agency approved the application while the other did not approve it, or one agency approved the application whereas it was withdrawn from the other agency.
Several applications were either resubmitted to the FDA after an initial nonapproval decision, 15 or reexamined after an initial negative opinion by the EMA's CHMP prior to decision by the European Commission. 16 We therefore explored the impact of resubmission or reexamination on the extent of EMA and FDA concordance by assessing both initial and final regulatory outcomes. For applications that were not ever resubmitted to the FDA or reexamined by the CHMP, the initial outcome was also considered to be the final outcome.
For marketing applications that were approved by both agencies (final concordant approval outcomes), we also compared the type of marketing approval granted. For the FDA, the type of marketing approval refers to standard approval or accelerated approval 17 ; for the EMA, the type of approval refers to standard marketing authorization, conditional marketing authorization, or marketing authorization granted under exceptional circumstances. 18, 19 We considered the FDA's accelerated approval and the EMA's conditional marketing authorization to be similar-each is an approval mechanism for drugs intended for a serious or life-threatening disease or condition with an unmet medical need, and for which postauthorization studies are expected to provide additional data to support standard approval.
We also assessed for differences in approved indications across agencies, defining indication as the medical disease or condition and population for which use of the drug is approved. Information about the approved indication was obtained from the European Summary of Product Characteristics and the FDA-approved Prescribing Information. Indications were considered similar when they were for the same general intended use and there were only differences in wording or organization of the information. For products with multiple approved uses, we compared each distinct indication.
A "notable difference" in indication was defined as a difference in disease or condition stage, severity, or sub-group; target population (age group, pharmacogenomic subgroup, previous treatment failure, other patient characteristics); and/or other conditions of use. Other conditions of use comprised type of therapy (symptomatic, disease-modifying); use with other products (monotherapy, combination therapy, adjuvant therapy); and place in or line of therapy.
Judgment on "notable" difference in indication was made using a multistep process that began by two researchers independently comparing the verbatim indication statements, and other sections of the labels as needed, to preliminarily identify those products with notable differences. Indications for which the two researchers were uncertain or had divergent interpretations were then independently evaluated by the other researchers using the same criteria for notable differences. Discrepancies were resolved through consensus.
Finally, for applications with discordant outcomes and concordant approvals with differences in the indication or type of marketing approval, we undertook detailed assessments to evaluate the reasons for each using a similar multistep approach to the one described above. Reasons for discordance were grouped into six categories:
• Clinical data differences were defined as differences in the main (pivotal) trials considered in support of efficacy-these could be different trials submitted or assessed or, if the same main trial was evaluated, differences in the trial data evaluated. When the same clinical trial and major analyses were submitted to both agencies, we did not assess further details about which specific additional analyses were conducted or requested by one agency and not the other. • Efficacy conclusion differences were defined as differences in FDA and EMA conclusions about the strength or clinical relevance of evidence to support efficacy, when the same clinical trial data were submitted to both agencies • Safety conclusion differences were defined as differences in conclusions about the strength of evidence to support safety or acceptability of the drug's toxicity when the same clinical trial data were submitted to both agencies. • Regulatory authority differences referred specifically to the EMA's approval under Exceptional Circumstances, an option with no parallel at the FDA. • Quality differences included divergent conclusions about the quality of the drug substance or product, acceptability of the manufacturing process, or applicant compliance with good manufacturing practices. • Data integrity differences included divergent conclusions about some aspect of data integrity in the application, such as nonclinical or clinical trial data or applicant compliance with good clinical practices.
Regional differences in medical practice or standard of care were considered factors that could influence agency conclusions about safety or efficacy but not as a separate category.
We began by identifying all factors that contributed to the differences between EMA and FDA outcomes and, whenever possible, drilled down to the primary driver for the divergence. If the agencies' decisions on the applications were based on review of differing clinical data, then this was the primary reason for the different regulatory outcomes. This is because our study objective was to determine whether the agencies varied in their conclusions about an application, and such an assessment can only be made when the conclusions are based on the same information.
